Neurons in the rat lateral amygdala in situ were classified based upon electrophysiological and molecular parameters, as studied by patchclamp, single-cell RT-PCR and unsupervised cluster analyses. Projection neurons (class I) were characterized by low firing rates, frequency adaptation and expression of the vesicular glutamate transporter (VGLUT1). Two classes were distinguished based upon electrotonic properties and the presence (IB) or absence (IA) of vasointestinal peptide (VIP). Four classes of glutamate decarboxylase (GAD67) containing interneurons were encountered. Class III reflected "classical" interneurons, generating fast spikes with no frequency adaptation. Class II neurons generated fast spikes with early frequency adaptation and differed from class III by the presence of VIP and the relatively rare presence of neuropeptide Y (NPY) and somatostatin (SOM). Class IV and V were not clearly separated by molecular markers, but by membrane potential values and spike patterns. Morphologically, projection neurons were large, spiny cells, whereas the other neuronal classes displayed smaller somata and spine-sparse dendrites.
Introduction
The amygdala has long been known to critically contribute to the emotional components of behavior and memory (LeDoux, 2000; Majak and Pitkänen, 2003; Seidenbecher et al., 2003; Paré et al., 2004) , as well as to clinically relevant behavioral alterations associated with stress and anxiety disorders (Mathew et al., 2001; Daniels et al., 2004) . One major obstacle in our understanding of the molecular and cellular basis of these functions relates to the large diversity of neuronal cell types in the amygdala. Thus far, attempts of classification have only been made according to electrophysiological, morphological or immunohistochemical features.
On the basis of their electrophysiological properties, two central neuronal classes have been encountered (Washburn and Moises, 1992; Lang and Paré, 1998; Mahanty and Sah, 1998; Martina et al., 2001) . Pyramidal-like cells show broad action potentials and fire trains of action potentials with varying degrees of spike frequency adaptation in response to a prolonged current injection (Faber et al., 2001 ). In addition, a second cell type with faster action potentials and no appreciable spike frequency adaptation was described (Mahanty and Sah, 1998) and thought to represent local GABAergic interneurons (McDonald and Augustine, 1993; Paré and Smith, 1993) . However, this classification is not sufficient to cover the whole multitude of neurons in the rat amygdala. In the rat basolateral amygdala (BLA), as well as in the rat central amygdala (CeA), neurons with intermediate features have been described (Washburn and Moises, 1992; Rainnie et al., 1993; Schiess et al., 1993; Martina et al., 1999; Lopez and Sah, 2004) .
Based on Golgi studies, two main morphological types of neurons were described in the amygdala: neurons with dendrites that are covered with a high density of spines (pyramidal neurons or class I) and small neurons characterized by spine-sparse dendrites (class II) that comprise approximately 5% of impregnated neurons (McDonald, 1982) . Subsequent analysis of the distinctive axonal and dendritic patterns revealed the existence of extended neurons, cone cells, chandelier cells and neurogliaform cells (for a review, see . An additional scheme aimed at a classification of BLA neurons based upon their immunocytochemical content of calcium-binding proteins and neuropeptides (McDonald and Pearson, 1989; McDonald and Mascagni, 2001; Mascagni and McDonald, 2003) . In fact, neurons were distinguished based upon their content of calbindin (CB), parvalbumin (PV) and calretinin (CR) and four neuropeptides, namely neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), somatostatin (SOM) and cholecystokinin (CCK) (Kemppainen and Pitkänen, 2000; McDonald and Mascagni, 2001; Mascagni and McDonald, 2003) . However, these properties were widely overlapping between groups, and a correlation between morphological, molecular and electrophysiological properties was not obtained (Floyd et al., 2003; .
Therefore, we performed a more systematic classification of amygdaloid neurons, making use of cluster analysis of electrophysiological and molecular parameters, which previously allowed cell classification according to multifunctional parameters in the neocortex (Cauli et al., 2000 , Gallopin et al., 2005 .
Results

Classification of rat LA neurons
Stable whole-cell recordings were derived from a total of 109 cells in the rat LA. Expression of at least one of the molecular markers tested by multiplex RT-PCR was detected in 74 cells, which were then analyzed further. Two variants are exemplified in Fig. 1 . Neurons indicative of projection neurons (Faber et al., 2001) showed broad action potentials (half width of the first action potential, HW1 = 2.65 ms, Fig. 1A ), low input resistance (393 MΩ) and an adapting firing pattern in response to prolonged depolarizing current injection ( Fig. 1A ; 1000 ms, 10-100 pA). Presumed interneurons (Mahanty and Sah, 1998 ) fired shortduration action potentials (HW1 = 1.20 ms, Fig. 1B ) and showed little spike frequency adaptation (Fig. 1B) . However, neurons displayed a wide range of spike duration and input resistance, ranging from 0.66 ms to 3.31 ms and from 122 MΩ to 1186 MΩ, respectively. In addition, different degrees of adaptation were encountered, ranging from complete to no adaptation, during a prolonged current injection.
As a result, clear classification by these electrophysiological features was not feasible. Thus, we added an expression analysis of mRNA encoding proteins that had previously distinguished between different cell types in the amygdala. More precisely, we focused on VGLUT1,2 and GAD67 indicative of projection neurons and GABAergic neurons, respectively (Soghomonian and Martin, 1998; Shigeri et al., 2004; Hüttmann et al., 2006) , as well as calcium-binding proteins and neuropeptides, which have previously been used for classification of BLA neurons (Kemppainen and Pitkänen, 2000; Mascagni, 2001, 2002; Mascagni and McDonald, 2003) . Expression analysis performed in electrophysiologically characterized neurons (n = 74) revealed the following pattern: 48 neurons expressed mRNA of VGLUT1; 3 neurons expressed mRNA of VGLUT2; 8 neurons expressed mRNA of calretinin; 9 neurons expressed mRNA of parvalbumin; 10 neurons expressed mRNA of calbindin; 18 neurons expressed mRNA of GAD67; 13 neurons expressed mRNA of NPY; 9 neurons expressed mRNA of VIP; 30 neurons expressed mRNA of SOM; 37 neurons expressed mRNA of CCK. Gene coexpression pattern was manifold. Out of 30 neurons positive for SOM mRNA, 4 neurons coexpressed calbindin, 6 parvalbumin and 3 calretinin. Of the 37 neurons expressing CCK mRNA, 7 cells coexpressed calbindin, 7 parvalbumin and 7 calretinin. Two neurons showed mRNA for all calcium-binding proteins as well as CCK. In addition, VGLUT1 was coexpressed with GAD67 in 8 cells, which represent typical markers for projection neurons or interneurons, respectively. Hence, similar to electrophysiological features, molecular markers did not specify neurons unambiguously.
We therefore performed unsupervised clustering, as has recently been described for neocortical fusiform neurons (Cauli et al., 2000; Gallopin et al., 2005) . Data are illustrated in Fig. 1C . The sample of 74 neurons was classified based on a combination of electrophysiological parameters and expression profile of molecular markers. For the diagram, the x axis represents the individuals, and the y axis represents the average within-cluster linkage distance. Combining electrophysiological parameters with gene expression data enabled a clear assignment. In this way, the neurons were segregated into two main groups: projection neurons (n = 46) and interneurons (27) . The histogram in Fig. 1D shows the number and percentage of pyramidal cells and interneurons expressing each molecular marker. Based on hierarchical clustering, the neurons were grouped into 6 classes, two of them corresponding to projection neurons (classes IA, IB) and 4 of them to interneurons (classes II-V). An overview of the electrophysiological characteristics is provided in Fig. 2 , and the properties of the classes of neurons are described in detail in the following paragraphs. Classification of the same sample of 74 neurons based upon electrophysiological parameters alone yielded a similar profile of projection neurons and interneurons but with less clear separation of the subclasses, whereas classification based upon molecular parameters alone did not result in distinct subclasses of neurons in the dendrogram (data not shown).
Class IA neurons
26 of 74 cells (35.1%) were characterized as class IA neurons. The average resting membrane potential of class IA cells amounted to − 69.7 ± 5.2 mV (n = 26; Fig. 2A ), while input resistance was 269.61 ± 97.9 MΩ (n = 26; Fig. 2B ). The first action potential duration averaged 2.29 ± 0.25 ms, and the action potential duration at the phase of spike broadening was 3.28 ± 0.49 ms (n = 26, Figs. 2C, D) . During injection of prolonged depolarizing current steps (1 s, 100 pA; from −60 mV), the cells showed spike frequency adaptation (Fig. 3A) . At just suprathreshold stimuli, cells typically ceased firing. At depolarizing stimuli (1 s, 100 pA), neurons adapted towards steady-state firing at around 20 Hz or below (Fig. 3B) .
Of the molecular markers that were tested, VGLUT1 was predominantly expressed in two classes of projection neurons. Nearly all class IA neurons (84.6%) were positive for VGLUT1 mRNA (22/26, Fig. 3C ), while VGLUT2 mRNA was expressed in only one cell (3.8%). Only one class IA neuron also expressed GAD67 mRNA (3.8%). CCK mRNA was present in 38.5% (10/26), SOM in 11.5% (3/26) and NPY in 26.9% (7/26) of class IA neurons, whereas VIP was not detected.
Class IB neurons
17 of 74 cells (23%) were characterized as class IB neurons. The average resting membrane potential of class IB cells amounted to − 74.3 ± 3.3 mV (n = 17; Fig. 2A ), and input resistance was 411 ± 106.7 MΩ (n = 17; Fig. 2B ). The first action potential duration averaged 2.69 ± 0.3 ms, with action potential duration at the phase of spike broadening being 3.73 ± 0.47 ms (n = 17, Figs. 2C, D). During injection of prolonged depolarizing current steps (1 s, 100 pA; from − 60 mV), the cells showed spike frequency adaptation and did not differ in adaptation from class IA neurons. Similar to class IA neurons, class IB expressed VGLUT1 (82.4%; 14/17 cells). Class IB neurons were characterized by a high occurrence of SOM mRNA (70%; 12/17). mRNA for CCK was detected in 52.9% (9/17), NPY in 17.6% (3/17) and VIP in 23.5% (4/17) of neurons.
Class II neurons
Class II cells represented 6 of 74 neurons studied (8.1%, Fig. 4 ). They had a more positive resting membrane potential compared to projection neurons, averaging − 61.6 ± 2.9 mV (n = 6; Fig. 2A ). The input resistance amounted to 644.8 ± 80.63 MΩ (n = 6; Fig. 2B ), first action potential duration was 1.26 ± 0.23 ms, and spike duration at the phase of spike broadening was 1.66 ± 0.46 ms (n = 6, Figs. 2C, D). Characteristically, cells fired repetitively after initial adaptation (Figs. 4A, B). Upon current injection of 100 pA, initial frequency of action potentials reached 76.6 ± 27.3 Hz, frequency at 200 ms of current injection was 43.8 ± 15.1 Hz and final frequency 31.7 ± 13.2 Hz (n = 6). Early adaptation amounted to 39.1 ± 19.2% and late adaptation to 15.3 ± 6% (n = 6) ( Fig. 7) .
Special features of class II neurons included the presence of VIP mRNA (66.6%, Fig. 4C ) and expression of CCK (100%, 6/6). One of these neurons displayed mRNA for both VGLUT1 and GAD67 (Fig. 4C) . Only 1 of 6 cells expressed mRNA for SOM (16.6%), and NPY was not detected. 9 Hz (n = 12). The calculated early adaptation for this class of neurons amounted to 18.1 ± 13.1%, with the late adaptation being 14.5 ± 5% (n = 12). The rate of early adaptation ( Fig. 7) , as well as the initial frequency, differed significantly between the two classes of fast-spiking neurons (class II and III) (p < 0.05). GAD67 (60%) was most frequently detected in class III cells. Three of twelve cells displayed mRNA for both VGLUT1 and GAD67. The cell exemplified in Fig. 5 showed coexpression of parvalbumin, GAD67, SOM and CCK mRNAs (Fig. 5C ). Most cells (75%) expressed mRNAs of at least one neuropeptide, with SOM being most prevalently encountered (66.6%, 8/12) followed by CCK (33.3%, 4/12) and NPY (16.6%, 2/10). VIP mRNAwas not detected. Finally, 33.3% of class III cells coexpressed SOM and CCK.
Class III neurons
Class IV neurons
Class IV cells represented 5 of 74 characterized cells (6.7%, Fig. 6A ). They displayed a resting membrane potential more positive than neurons of the other classes, amounting to − 58.0 ± 2.3 mV (n = 5; Fig. 2A ). Furthermore, these neurons showed the highest input resistance at 938.4 ± 167.3 MΩ (n = 5; Fig. 2B ). First spike duration and spike duration at the broadening phase were 2.07 ± 0.53 ms and 2.7 ± 0.41 ms, respectively (n = 5; Figs. 2C, D). A subpopulation of cells ceased spike firing during a prolonged current injection with an amplitude more than 100 pA (3/5). Two of 5 neurons of this group showed "burst"-like firing behavior at the beginning of the depolarizing step. In view of the small number of class IV cells, from which cytoplasm could be harvested for molecular analyses, electrophysiological data obtained from these cells were pooled with data from class IV cells, from which cytoplasm had not been obtained. Overall (n = 13), these cells displayed little early spike frequency adaptation (18.3 ± 23.7%; Fig. 7A ) and prominent late adaptation (29.2 ± 14%; Fig. 7B ).
Class IV cells (n = 5) predominantly expressed mRNAs of CCK (60%, 3/5), SOM (40%, 2/5) and VGLUT1 (40%, 2/5). VIP was found in another cell which coexpressed calretinin and CCK. One cell expressed GAD67 together with calbindin and CCK (Fig.  6A, right) .
Class V neurons
Class V cells represented only 4 of 74 characterized cells (5.4%, Fig. 6B ). These neurons were characterized by the most negative resting membrane potential of all classes encountered, amounting to − 76.4 ± 3.4 mV (n = 4; Fig. 2A ), and high input resistance amounting to 841.5 ± 234.5 MΩ. First spike duration and spike duration at the broadening phase were 1.69 ± 0.2 ms and 3.8 ± 0.57 ms, respectively (n = 4; Fig. 2B ). Two of four neurons of this group showed "burst"-like firing behavior in the beginning of the depolarizing step. Similar to class IV neurons, we pooled electrophysiological data from all class V neurons (n = 9). Cells showed prominent early (39.3 ± 14.9%) (Fig. 7A ) and late spike frequency adaptation (25.9 ± 11%) (Fig. 7B) .
CCK (75%, 3/4) and SOM (75%, 3/4) mRNA were most frequently detected in class V cells and were coexpressed in the same neurons. VIP mRNA was never detected, while mRNA for GAD67, as well as parvalbumin, was detected in 2 of 4 class IV neurons (Fig. 6B, right) .
Morphological correlations
Due to technical limitations, combined analysis of gene expression patterns and biocytin staining in an individual neuron was not achievable. Therefore, a second sample of cells was stained with biocytin and classified according to electrophysiological properties (n = 70). In this way, 49 of 70 cells stained with biocytin were identified as projection neurons by hierarchical clustering, using electrophysiological parameters for classification. Class IA neurons, like the other group of projection neurons (class IB), showed large pyramidal or fusiform somata and differed in dendritic orientation (Figs. 3D, E ). Dendrites were covered with numerous spines (Figs. 3D, E insets) . Among the biocytin-filled cells, class II neurons were rarely encountered. One of the five examples is shown in Fig. 4D . Cells displayed small somata and dendrites with no discernible spines (Fig. 4D, inset) . Ten of seventy biocytin-stained neurons were classified by electrophysiological parameters as class III neurons. They were characterized by small somata (10-15 μm) with two to six primary dendrites that lacked spines and formed a spherical dendritic field (Figs. 5D, E) . Five out of seventy biocytin-stained neurons were classified by electrophysiological parameters as class IV neurons. Morphological features of class IV neurons were diverse. Cell somata were small and had different shapes. Dendrites were sparsely covered with spines. Because of the rare occurrence of the class V neurons, we did not get reliable results on morphological properties of these cells.
Discussion
Identification of glutamatergic and GABAergic neurons
As VGLUTs accumulate the transmitter glutamate into synaptic vesicles of excitatory neurons, these vesicular transporters are expected to be selectively located in glutamatergic axon terminals (Kaneko and Fujiyama, 2002 ; for a review, see Shigeri et al., 2004) . Two sets of glutamatergic neurons in the central nervous system have been reported to exist, with VGLUT1 being the dominant system in telencephalic regions and VGLUT2 being predominantly expressed in diencephalic regions of the brain and in the spinal cord (Kaneko and Fujiyama, 2002) . Our single-cell multiplex RT-PCR data revealed that 84.6% of class IA neurons and 82.4% of class IB express mRNA of VGLUT1, thereby indicating glutamatergic projection neurons. Indeed, these neurons were electrophysiologically characterized by relatively broad action potentials (mean duration at half maximal amplitude 2.5 ms), low firing rates (5-20 Hz) and frequency adaptation in response to prolonged depolarizing stimuli. These properties and the values of the resting membrane potential (−71 mV) and input resistance (around 300 MΩ) are in good agreement with those observed in putative projection neurons using patch-clamp recording techniques in LA slices (Weisskopf and LeDoux, 1999; Dumont et al., 2002; Szinyei et al., 2003; Faber and Sah, 2003) . In further support of this notion is the finding that VGLUT2 mRNA was exclusively detected in class I neurons, although the overall expression was low. However, expression of VGLUT1 mRNA was also found in interneurons, being present in 33.3% of class II neurons and 33.3% of class III neurons. In the rat neocortex, single-cell RT-PCR showed expression of VGLUT1 by around 20% of different types of interneurons (Gallopin et al., 2005) . Single-cell multiplex RT-PCR experiments in the rat hippocampus, cortex and cerebellum suggested that VGLUT1 and VGLUT2 proteins may be expressed widely in presumed glutamatergic, GABAergic and cholinergic neurons, especially during early postnatal development (Danik et al., 2005) . That projection neurons fall in two separate classes is indicated by electrophysiological properties (low input resistance in class IA, hyperpolarized membrane potential in class IB) and the presence of VIP in class IB but not in IA neurons (Fig. 8) . In order to separate inhibitory GABAergic neurons and axon terminals, immunocytochemistry for GABA, glutamic acid decarboxylase (GAD) or the vesicular GABA transporter (VGAT) has been reliably used in various regions of the central nervous system (Kaneko and Fujiyama, 2002) . In the amygdala, in situ hybridization preparations yielded a close correspondence between the distribution and density of GABA-immunoreactive cells and GAD mRNA-containing cells (Pitkänen and Amaral, 1994) . Two isoforms of GAD, GAD65 and GAD67, are described, which are encoded by different independently regulated genes (Soghomonian and Martin, 1998) . GAD65 is mostly membrane-bound and enriched in vesicular membranes, whereas GAD67 is soluble and distributed in the cytoplasm (Yanagawa et al., 1997) . The presence of GAD65 mRNA was in agreement with the occurrence of GAD67 mRNA in various amygdaloid nuclei (Pitkänen and Amaral, 1994) . Only few single-cell RT-PCR data are available from amygdaloid neurons (Siggins et al., 2003; Floyd et al., 2003) . In one study, GAD65 has been chosen as a negative molecular marker for projection neurons, although expression was detected also in 8 out of 42 cells, morphologically resembling projection neurons (Floyd et al., 2003) . In hippocampal slices and neuronal cell culture, excitatory as well as inhibitory neurons contain mRNA for either GAD65 or GAD67 (Telfeian et al., 2003; Cao et al., 1996) . The authors suggested that GAD mRNA is selectively regulated at the level of translation in some cells, presumably in the excitatory neurons (Cao et al., 1996) . In granule cells cultured from rat hippocampus, coexpression of glutamate and GAD67 was detected immunohistologically and the percentage of doublelabeled cells was reduced in cultures from adult rats in comparison with 15-day-old rats (Gomez-Lira et al., 2005) . That GABAergic neurons are reliably identified in the present study is indicated by two lines of evidence. First, mRNA for GAD67 was detected in only 5 out of 46 (10.8%) projection neurons, but in 13 out of 27 (48.1%) interneurons. Second, of the four classes of interneurons encountered, class III closely reflected "classical" interneurons as described earlier (Washburn and Moises, 1992; Rainnie et al., 1993; Martina et al., 2001; Szinyei et al., 2000; , in that they generated fast spikes with no frequency adaptation. Class II neurons generated fast spikes with some early frequency adaptation, but differed from class II by the presence of VIP and relatively rare presence of NPY and SOM (Fig. 8) . Class IV and V were not clearly separated by molecular markers most likely due to the low number of encountered cells. Electrophysiological characteristics like value of the membrane potential and spike pattern upon maintained depolarizing stimuli were indicative of two separate classes (Fig.  8) . Furthermore, the finding that not every cell classified as an interneuron was GAD67 positive may relate to the fact that these cells expressed GAD65 rather than GAD67. It is known that both GAD forms are capable of synthesizing GABA. Indeed, previous findings indicated higher labeling for GAD65 than for GAD67 mRNA (Mercugliano et al., 1992) in some interneuron subpopulations or even absence of GAD67 in GAD65 mRNAexpressing neurons (Esclapez et al., 1993; Feldblum et al., 1993) .
The latter two studies also demonstrated very low densities of GAD67 mRNA positive cells and higher levels of GAD65 than GAD67 mRNA in individual cells of the lateral and basolateral nuclei of the rat amygdala, which is compatible with the above idea. Furthermore in our study, we have carefully considered the possibility of false negative and false positive results, referring to the methodical details given in our previous work (Seifert et al., 1997; Schröder et al., 2002) . On the single-cell level in the present study, we detected GAD67 mRNA only in a few projection neurons despite parallel amplification of other genes in the same cell (different Ca 2+ binding proteins, neuropeptides, VGLUT1, VGLUT2), confirming the reliability of our approach. However, technical constraints cannot be fully excluded as some transcripts may be below the limits of detection (Liss and Roeper, 2004, Han et al., 2005) .
Expression pattern of calcium-binding proteins and neuropeptides
The results of recent double-labeling immunoreactivity studies suggest that the adult rat BLA consists of at least four distinct subpopulations of neurons: (1) parvalbumin-positive/calbindinpositive neurons, (2) SOM-positive/calbindin-positive neurons, (3) large multipolar CCK-positive neurons that often contain calbindin and (4) small bipolar and bitufted interneurons that exhibit extensive colocalization of VIP, CCK and calretinin (Kemppainen and Pitkänen, 2000; Mascagni and McDonald, 2003; McDonald and Mascagni, 2001; . Cluster analysis in the present study yielded no overall principle of correlated expression patterns of calciumbinding proteins and neuropeptides in the defined classes of cells. Some specific coexpression patterns could be identified in between the classes of cells. First, SOM and NPY were coexpressed with parvalbumin, and VIP was coexpressed with calretinin, whereas CCK was similarly coexpressed with all tested calcium-binding proteins. Although calcium-binding proteins and neuropeptides are considered to be predominantly expressed in GABAergic neurons in the amygdala (Kemppainen and Pitkänen, 2000; McDonald and Mascagni, 2001; , low levels of immunoreactivity for CCK ( Mascagni and McDonald, 2003) , SOM (McDonald and Mascagni, 2002) , calbindin and calretinin (McDonald and Mascagni, 2001) were also found in projection neurons. This is supported by the present finding that 11.6%, 9.3% and 6.9% of presumed projection neurons expressed calbindin, calretinin and parvalbumin, respectively. A rather unexpected finding was that a large proportion of projection neurons expressed neuropeptides. In particular, 38.5%, 11.5%, 0% and 26.9% of class IA neurons and 52.9%, 70.6%, 23.5% and 17.6% of class IB neurons expressed CCK, SOM, VIP and NPY, respectively. Our data are partly in agreement with the data obtained in rat neocortex, where mRNA for neuropeptides was expressed in 66.2%, 19.5%, 0% and 11.7% projection neurons for CCK, SOM, VIP, and NPY respectively (Gallopin et al., 2005) . These findings are also in line with previous studies indicating an overlap of neuropeptide-expressing neurons in the rat BLA (Kemppainen and Pitkänen, 2000; Mascagni and McDonald, 2003; McDonald and Mascagni, 2001; .
Morphological properties
Reduced success rate of transcript analysis has been observed when the preceding electrophysiological analysis took more than 15 min . In our cell-harvesting experiments the cytoplasm of the neurons was collected immediately after electrophysiological recording (~5 min) while biocytin filling lasted at least 30 min. Therefore, biocytin staining of the neuronal classes in the rat LA was performed separately in a distinct set of cells. Intracellular labeling of class I neurons revealed morphological characteristics similar to those of pyramidal cells described in Golgi studies (McDonald, 1982; 1984; and was in agreement with other morphological studies in the rat BLA complex (Washburn and Moises, 1992; Sugita et al., 1993; Rainnie et al., 1993; Chen and Lang, 2003) . Class II and class III neurons could not be distinguished based on morphological criteria. Both cell classes contained neurons of a rather heterogeneous morphology, exhibiting spherical to multipolar cell bodies. Neurons of both classes, however, were typically aspiny or sparsely spiny, corresponding to Golgi-labeled class II cells (McDonald, 1982 (McDonald, , 1984 Rainnie et al., 1993) and fast-spiking interneurons (Washburn and Moises, 1992; Szinyei et al., 2003) . Distal dendritic segments showed short varicose branches as observed by McDonald (1982) . Successful staining of the rare class IV and class V cells was not sufficient for morphological analysis, but it is interesting to note that class IV cells with spiny and aspiny dendrites were encountered.
Possible developmental influences
One objection might be that analysis has been performed in juvenile rats (P18-P23) and that developmental changes during the first three postnatal weeks might affect neuronal properties used to distinguish between classes of cells. Although this possibility cannot be fully excluded, available data indicate that the mRNA expression pattern and the electrophysiogical features of interest have reached a steady-state level at the time of analysis in the present study. For instance, the level of SOM mRNA expression detected by in situ hybridization was found to have reached an adult-like pattern at P21, after increasing up to P11, in the rat amygdala (Burgunder, 1994) . Immunohistochemical studies in the rat BLA complex demonstrated that the intensity of calbindin and parvalbumin immunoreactivity reached mature levels at around the third postnatal week (Berdel and Morys, 2000) . In various regions of the brain, the GABAergic system is considered to be anatomically mature at the end of the third postnatal week (Miller, 1988; Vincent et al., 1995) .
Conclusion
Overall, it is important to add that a total of only 3 cells (4%) did not fall into any of the classes described above (Fig. 8) , thereby indicating that adequate and stable parameters had been selected for the cluster analysis and, as a conclusion, that six distinctive classes of cells exist in the rat LA as defined by electrophysiological and molecular properties.
Experimental methods
Preparation
All experiments were carried out in accordance with the European Community Council Directive (86/609/EEC). A total of 59 Long-Evans rats of either sex [postnatal days (P) 18-23] were anesthetized with halothane and killed by decapitation. A block of brain tissue including the amygdala was rapidly removed and transferred into chilled oxygenated physiological saline containing (mM): KCl, 2.4; MgSO 4 , 10; CaCl 2 , 0.5; piperazine-N,N´-bis(ethanesulphonic acid) (PIPES), 20; glucose, 10; sucrose, 195 (pH 7.35) . Coronal slices (250-300 μm thick) were prepared on a vibratome (Model 1000, The Vibratome Company, St. Louis, USA) and were incubated in standard artificial cerebrospinal fluid (ACSF) of the following composition (in mM): NaCl, 120; KCl, 2.5; NaH 2 PO 4 , 1.25; NaHCO 3 , 22; MgSO 4 , 2; CaCl 2 , 2; glucose 20, bubbled with 95%O 2 /5% CO 2 to a final pH of 7.3. Slices were allowed to recover at 34°C for 20 min and were then maintained for up to 8 h at room temperature (20-24°C). Single slices were placed in a submersion chamber at a perfusion rate of approximately 2 ml/min (ACSF, room temperature).
Electrophysiological recordings
Neurons were approached under visual control by differential interference contrast (Axioskop 2FS, Zeiss, Oberkochen Germany; lenses Achroplan 40/w) infrared videomicroscopy (S/W-camera CF8/4, Kappa, Gleichen, Germany). Whole-cell patch-clamp recordings (Hamill et al., 1981) were obtained using a patch-clamp amplifier (EPC-7 List Medical Systems, Darmstadt, Germany). Patch pipettes for recordings were pulled from borosilicate glass (GC150T-10, Harvard Apparatus LTD, UK) to resistances of 2-4 MΩ. The pipette solution for recording rat lateral amygdala (LA) neurons contained (in mM): potassium gluconate, 95; K 3 citrate, 20; NaCl, 10; HEPES, 10; MgCl 2 , 1; CaCl 2 , 0.1; EGTA, 1.1; MgATP, 3; NaGTP, 0.5 (pH 7.2 with KOH). Access resistance amounted to about 5-7 MΩ. Measurements were corrected for a liquid junction potential of 10 mV (Neher, 1992) . Resting membrane potential was measured immediately after establishing the whole-cell configuration. Neurons with a resting membrane potential more positive than −55 mV and non-overshooting action potentials were discarded. After applying a set of hyper-and depolarizing stimuli (from −10 pA to 100 pA with an increment of 10 pA), the membrane potential was adjusted to −60 mV by continuous current injection.
Spike frequency adaptation was measured by application of 1 s depolarizing current pulses (sampling rate 10 kHz). Instantaneous discharge frequency was determined by quantifying the time elapsed between two consecutive action potentials and plotting the reciprocal value as a function of time for all current intensities tested. For two groups of fast-spiking neurons, the instantaneous discharge frequencies between the first two spikes (initial frequency, f initial ), 200 ms after the start (intermediate frequency, f 200 ), and at the end of the stimulation (final frequency, f final ), as well as early and late adaptation, were calculated. Early and late adaptation were calculated according to (f initial − f 200 ) / f initial and (f 200 − f final ) / f initial , respectively (Cauli et al., 1997) .
Cell harvesting
Single-cell RT-PCR was performed as previously reported (Seifert et al., 1997; Schröder et al., 2002) . Briefly, after recording, the cell was lifted above the slice and the cell content was sucked into the pipette monitored with a CCD camera using IR-DIC optics. The pipette solution (6 μl) was supplemented with a recombinant ribonuclease inhibitor (0.24 U/μl; RNasin; Promega, Madison, WI, USA). The pipette content was transferred into a tube filled with 3 μl DEPC-treated water by breaking the tip of the pipette and expelling about 3 μl solution with positive pressure. The tube was frozen in liquid nitrogen and stored at −80°C until the RT reaction was carried out.
Reverse transcription and amplification of cDNAs
Single-strand cDNA synthesis was performed in thin-walled PCR tubes containing reverse transcriptase buffer (Qiagen, Hilden, Germany), random hexanucleotide primer (50 μM; Roche, Mannheim, Germany), deoxyribonucleotide triphosphates (dNTPs, final concentration 4 × 250 μl; Applied Biosystems, Weiterstadt, Germany), 20 U RNasin (Promega) and 0.5 μl Sensiscript reverse transcriptase (Qiagen) (final volume 10 μl) at 37°C for 1 h. A multiplex two-round single-cell PCR was carried out for simultaneous detection of vesicular glutamate transporters (VGLUT1, VGLUT2), glutamic acid decarboxylase 67 (GAD67), calretinin (CR), calbindin (CB), parvalbumin (PV), neuropeptide Y (NPY), somatostatin (SOM), cholecystokinin (CCK) and vasoactive intestinal peptide (VIP). The first PCR was started after adding PCR buffer, MgCl 2 (2.5 mM) and primers (200 nM each) to the RT product (final volume 50 μl). After denaturation, 3.5 U Taq polymerase (Invitrogen, Karlsruhe, Germany) was added (hot start). Forty-five cycles were performed (denaturation at 94°C, 25 s; annealing at 51°C, 2 min for the first 5 cycles, and 45 s for the remaining cycles; extension at 72°C, 25 s; final elongation at 72°C, 7 min). An aliquot (3 μl) of PCR product was used as a template for the second PCR (35 cycles; annealing at 54°C, first 5 cycles: 2 min, remaining cycles: 45 s) using nested primers. The conditions were the same as described for the first round, but dNTPs (4 × 50 μM) and Platinum Taq polymerase (2.5 U; Invitrogen) were added. Primers are given in Table 1 . Products were identified with gel electrophoresis using a molecular weight marker (ΦX174 HincII digest, Eurogentec, Seraing, Belgium).
Controls for RT and PCR amplification
Total RNA was prepared from freshly isolated rat amygdala (P20, n =2) using guanidinium isothiocyanate and phenol (Trizol™, Life Technologies). For optimization, a two-round RT-PCR was performed with mRNA and primers as described above. The primers for different targets were located on different exons to prevent amplification of genomic DNA (Liss and Roeper, 2004) . Under these conditions, subsequent gel analysis did not detect unspecific products. As a negative control, RT-PCR was checked by omission of the reverse transcriptase in the RT step or by using bath solution. All individual PCR products were verified by direct sequencing (SEQLAB, Sequence Laboratories Göttingen GmbH).
Tissue processing and staining for biocytin
Biocytin staining was performed as described before (Meis and Pape, 1998) . Briefly, 0.3% biocytin was added to the intracellular solution. Immediately after recording, slices were immersion-fixed in a solution of 4% paraformaldehyde in 0.01 M sodium phosphate saline, pH 7.4 at 4°C. After cryoprotection with 30% sucrose solution in PBS, slices were resectioned at 100 μm using a freezing microtome (Leica, Benzheim, Germany). After washing, slices were treated with 0.5% H 2 O 2 for 30 min. Subsequently, slices were washed and blocked with 2% BSA (supplemented with 0.3% Triton) for 5 min. Biocytin was detected with the Elite ABC kit (Vector, Burlingham, CA) and visualized by the DAB reaction according to the suppliers protocol. Finally, sections were dehydrated and coverslipped.
Qualitative measures of cell morphology were made using an Axiovert 200M (Zeiss, Oberkochen, Germany) and the Axiovision software (Zeiss).
Data analysis
To classify the cells, unsupervised clustering (Cauli et al., 2000) was performed by using squared Euclidean distances and Ward's method linkage rules (Ward, 1963) . Euclidean distance represents the geometric distance in the multidimensional space. Squared Euclidean distances were used in order to place progressively greater weight on objects that are farther apart. This method makes no assumption about the distribution of the data and is distinct from all other clustering methods because it uses an analysis of variance approach to evaluate the distances between clusters. Electrophysiological parameters (resting membrane potential, input resistance, half width of the first action potential (HW1), half width at broadening phase (HWbp) , molecular markers (VGLUT1, VGLUT2, GAD67, calretinin, parvalbumin, calbindin, NPY, VIP, SOM, CCK) and their combination were used for cluster analysis. To quantify molecular data, the presence of PCR product was digitized by 1, and its absence was digitized by 0. Electrophysiological parameters were standardized with a mean of 0 and a standard deviation of 1 (SYSTAT Version 9, SPSS Inc., 1998). Cluster analysis and statistical analysis (Mann-Whitney test) were performed using SPSS for Windows software. Data were analyzed off-line using Clampfit software (Axon Instruments) and Mini Analysis Program (Synaptosoft). Data are presented as mean ± SD. Differences were considered statistically significant at p ≤ 0.05.
